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Recombinant expression of hen egg white lysozyme with the assistance of 
xylanase fusion partner in Pichia pastoris
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ABSTRACT
Due to its bacteriolytic activity, hen egg white lysozyme (HEWL) is widely used in the feed, food, and 
pharmaceutical industries. However, its application is hindered by low protein expression levels in 
microbial expression systems. In this work, a novel fusion protein expression strategy was proposed for 
increasing the expression level of HEWL. First, HEWL, fused with a highly expressed fusion protein 
partner xylanase XynCDBFV, is expressed in Pichia pastoris. Secondly, a linker including endogenous 
protease cleavage sites was introduced between two fusion proteins in order to separate them directly 
during the secretion process. Finally, the results show that the supernatant of XynCDBFV-HEWL has 
a higher HEWL expression level and activity compared with HEWL only. It should be noted that the 
expression of HEWL reaches to about 3.5 g/L, and the activity of HEWL against Micrococcus lysodeikticus 
reaches to 1.50 × 105 U/mL in a fed-batch fermentation, which is currently the highest level of 
recombinant expression of an egg white-derived lysozyme. Taken together, we acquired bioactive 
HEWL for large-scale recombinant production in Pichia pastoris using a novel fusion protein expression 
strategy, which could then be used for a variety of applications.
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1. Introduction

Multi-drug resistance caused by the abuse of anti-
biotics is a current global issue that should be solved 
urgently [1,2]. Lysozymes (EC 3.2.1.17) play an 
important role in the innate immune system to 
defend against microbial pathogen invasions, as 
they can lyse bacterial cell walls by destroying the 
β-1,4-glycosidic bond between the N-acetylmuramic 
acid and N-acetylglucosamine peptidoglycan, 
thereby exerting an antibacterial effect [3]. 
Lysozyme is effective against gram-positive bacteria, 
and also peptides by protease digestion of lysozyme 
show broad-spectrum antibacterial effects in vitro 
[4]. Previous studies show that lysozyme has 
a significant effect in dealing with lung infections 
caused by Pseudomonas aeruginosa, broiler necrotic 
enteritis caused by Clostridium perfringens as well as 
enterotoxigenic Escherichia coli infection in neonatal 
piglets [5–8]. Moreover, lysozyme has also anti-viral 
and anti-tumor effects [9,10]. Hen egg white lyso-
zyme (HEWL) stems from the egg white. As early as 
1998, it was already considered safe as a food additive 
by the United States Food and Drug Administration 
(FDA), and has also been used for pharmaceutical 
application [6,11]. Despite its many advantages as an 
alternative antibiotic, large-scale production is still 
a challenge. Currently, HEWL is mainly extracted 
from eggs, which is limited by the lack of raw mate-
rials and high purification costs. Therefore, it is 
necessary to develop a novel strategy for the hetero-
logous production of HEWL in microbial expression 
systems to cater to market requirements.

HEWL heterologous expression of HEWL has 
been attempted in E. coli., Aspergillus Niger and 
yeast expression systems, but low expression levels 
are still a problem, which limits its application 
[12–14].

In recent years, fusion expression technology 
has been reported in several studies to improve 
the expression of recombinant proteins, Zhan 
et al. successfully expressed the derivative peptide 
of antimicrobial peptide LL37 in Pichia pastoris 
(P. pastoris) by fusion with a small ubiquitin-like 
modifier (SUMO), and the fusion protein in the 
supernatant of the fermentation broth reached 
154.8 mg/L [15]. In addition, fused with human 
serum albumin (HSA) can improve the secretion 
and stability of antimicrobial peptide apidaecin, 

the expression level of fusion protein HSA- 
apidaecin could achieve >700 mg/L [16]. 
Although this technology can improve the expres-
sion of some proteins, it also has some problems. 
For example, fusion proteins usually need to be 
cleaved with specific proteases in vitro to obtain 
active target proteins, and it is relatively expensive 
and time-consuming [15–17].

The aim of this study was to increase the pro-
duction of recombinant HEWL by fusion expres-
sion technology and achieve in vivo cleavage in 
P. pastoris. We hypothesized that HEWL with the 
assistance of a highly expressed fusion protein 
partner (xylanase) may increase the expression 
amount. Furthermore, the fusion protein can be 
directly cleaved during the secretion process by 
introducing endogenous proteases Kex2 and 
Ste13 cleavage sites [18]. The results of this study 
provide a new fusion strategy for the expression 
and application of recombinant HEWL.

2. Materials and methods

2.1. Strains, plasmids, and reagents

E. coli. TOP10 was purchased from Biomed 
(Beijing, P. R. China) and used as a host for vector 
construction and amplification. P. pastoris GS115 
and the expression vector pPIC9K (Invitrogen, 
Carlsbad, CA) were used for protein expression. 
Restriction enzymes, Taq DNA polymerase, and 
recombinase used for plasmid construction were 
purchased from TAKARA (Beijing, P. R. China). 
DNA and protein markers were purchased from 
Tiangen (Beijing, P. R. China). Micrococcus lyso-
deikticus (M. lysodeikticus) used for the lysozyme 
activity assay was stored in our laboratory. 
Beechwood xylan was purchased from Sigma- 
Aldrich (St. Louis, MO). All chemicals used in 
this study were biological reagent grade and com-
mercially available.

2.2. Culture media

Luria-Bertani (LB) medium supplemented with 
50 μg/mL kanamycin was used to select positive 
transformants. The media used to culture 
P. pastoris included minimal dextrose (MD), 
yeast extract peptone dextrose (YPD) alone or 
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supplemented with 3.5 mg/L G418, buffered gly-
cerol-complex medium (BMGY), buffered metha-
nol-complex medium (BMMY); fermentation 
basal salts medium and PTM1 trace salt solution 
were prepared based on the Pichia Expression Kit 
(Invitrogen). Solid media were prepared by add-
ing 2% (w/v) agar.

2.3. Codon optimization and expression vector 
construction

The vectors pPIC9K and pPIC9K-XynCDBFV 
were maintained in our laboratory. The Hewl 
gene (GenBank accession number: AAL69327.1) 
was optimized based on P. pastoris codon usage 
bias from the codon usage database (http://www. 
kazusa.or.jp/codon/). The optimized Hewl gene 
sequence was then synthesized by Biomed Co., 
Ltd. (P. R. China). The Hewl gene and 
XynCDBFV-Hewl fusion gene were amplified by 
specific primers, and then inserted into the EcoRI 
and NotI sites of pPIC9K (Table S1). The recom-
binant plasmid was transformed into E. coli Top 
10. Positive transformants were further confirmed 
by PCR amplification with 5-AOX and 3-AOX 
primers. The sequence was further verified by 
Sanger sequencing and used for the next 
transformation.

2.4. P. pastoris transformation and screening

Competent P. pastoris GS115 cells were prepared 
according to the method described by Invitrogen. 
The plasmid of pPIC9K-Hewl or pPIC9K- 
XynCDBFV-Hewl was linearized by BglII 
(TAKARA, Japan), followed by transformation 
into P. pastoris GS115 by electroporation [19]. 
Positive transformants were screened using MD 
plates without histidine, and high copy transfor-
mants were then screened by YPD plates contain-
ing 3.5 g/L geneticin G418 [20].

2.5. Strain cultivation in shaking flasks

The shake flask fermentation was carried out 
according to the method described by He et al. 
[21]. The recombinant P. pastoris GS115 strains 
were inoculated into 300 mL of BMGY media and 
cultivated for 36 h at 30°C and 220 rpm. When the 

OD600 value of the cells reached 2–6, they were 
harvested by centrifugation at 4500 rpm for 5 min 
at 25°C, and resuspended in 200 mL of BMMY 
media with 1% (v/v) methanol. Subsequently, 0.5% 
absolute methanol was added to the medium every 
12 h. The cultivated supernatants were collected 
every 24 h for the antimicrobial activity assay and 
sodium dodecyl sulfate–polyacrylamide gel elec-
trophoresis (SDS-PAGE) analysis.

2.6. Assay of xylanase activity

The xylanase activity was assayed by determining 
the release of reducing sugars from beechwood 
xylan using the dinitrosalicylic acid (DNS) method 
[22]: 900 μL of 1% beech xylan substrate was 
added to the test tube at pH 5.5 and placed in 
a 55-°C water bath for pre-heating for 5 
min, 100 μL of appropriately diluted enzyme solu-
tion was added, and the mixture kept in 55°C 
warm water. After 10 min, 1.5 mL of DNS was 
added to stop the reaction, and the mixture was 
then boiled for 5 min. After cooling to room 
temperature, the absorbance was measured at 
540 nm wavelength with a micro plate reader. 
One unit (U) of enzyme activity is defined as the 
amount of enzyme that released 1 μM of reducing 
sugars per minute under the given conditions.

2.7. Muramidase activity assay and kinetic 
analysis.

The bacteriolytic activity of the recombinant 
HEWL against M. lysodeikticus was determined 
according to the standard spectrophotometry 
method [23]. 100 μL fermentation supernatant 
was mixed with 2.9 mL cell suspension with 
OD450 at 0.7 ± 0.1 in 100 mM phosphate buffer. 
A decrease in the OD value at 450 nm was 
recorded every 15 s for 3 min, and the difference 
between 1 and 3 min was used to calculate the 
antibacterial activity of HEWL. The amount of 
enzyme decreasing the OD at 450 nm by 0.001 -
per minute was defined as one U of enzyme activ-
ity [24].

The maximal velocity (Vmax) and the Michaelis 
constant (Km) for the purified HEWL and 
XynCDBDV-HEWL were determined in a 0.1 M 
phosphate buffer at pH 6.2 containing 0.3–0.7 
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OD450/mL M. lysodeikticus cell suspension under 
standard conditions. All experimental data were 
replicated three times. Michaelis−Menten equation 
was used for the experimental data calculation. 
The catalytic efficiency (kcat/Km) was also 
calculated.

2.8. Zone of inhibition test

The Oxford cup method was used to assess anti-
bacterial activity [25]. M. lysodeikticus was inocu-
lated into an LB medium and incubated overnight. 
The next day, the bacterium solution was 100 
times diluted to then heat the LB medium with 
2% agar. After cooling to 40–50°C, the medium 
was mixed well and spread into sterile petri dishes. 
Then, the Oxford cups were placed on the surface 
of the solid LB medium mixed with 1% 
M. lysodeikticus, and 200 μL fermentation super-
natants or their dilutions of different transfor-
mants were added into the holes of Oxford cups, 
40 ug/mL ampicillin was used as positive control. 
After 24 h incubation at 37°C, the inhibition zone 
in solid plates was observed and recorded.

2.9. Fed-batch fermentation

The high-density fermentation of P. pastoris was 
performed with a 15 L fermenter (EastBio Co. Ltd., 
Jiangsu, P. R. China). A single clone of the chosen 
transformant was inoculated into 50 mL YPD 
shake flasks, grown for 24 h at 30°C in a shaker 
at 220 rpm, and then transferred to a 600 mL YPD 
medium and cultured under the same conditions 
for 12 h. The cell culture was transferred into the 
fermenter once the OD600 reached 5–6. High- 
density fermentation was then carried out accord-
ing to the standard procedures [26]. In brief, the 
culture was used to inoculate a 15-L fermenter 
containing 7.5 L basal salt medium (0.93 g/L 
CaSO4, 18.20 g/L K2SO4, 14.90 g/L MgSO4 · 7H2 
O, 4.13 g/L KOH, 40.00 g/L glycerol, 26.70 
mL/L H3PO4, and 4.35 mL/L. PTM1 trace salt 
solution, which consists of 6.00 g/L CuSO4 · 5H2 
O, 0.08 g/L NaI, 3.00 g/L MnSO4·H2O, 0.20 g/L 
Na2MoO4 · 2H2O, 0.02 g/L H3BO3, 0.50 g/L CoCl2, 
20.00 g/L ZnCl2, 65.00 g/L FeSO4 · 7H2O, 0.20 g/L 
biotin, and 5 mL H2SO4 per liter), the temperature 
was controlled at 30°C, dissolved oxygen (DO) was 

controlled at 20–40% by adjusting the rotational 
speed, the whole process was adjusted with ammo-
nia water to stabilize the pH between 4.5 and 6.0, 
and the final volume is about 10 L. During cultiva-
tion, the samples were collected every 24 h and 
analyzed for their wet cell weight, and the super-
natant was used to detect the expression level of 
the fusion protein.

2.10. Purification of fusion protein

The clarified supernatant after fermentation was 
obtained by centrifugation, and the buffer was 
exchanged to 20 mM citrate phosphate buffer at 
pH 6.0 using hollow-fiber ultrafiltration. Size- 
exclusion chromatography was then performed 
using a Superdex-75 pg column (GE Healthcare) 
[27]. The collected fractions were confirmed by 
SDS-PAGE (12% acrylamide).

2.11. Protein identification

The protein bands were extracted from the gel 
for protein identification using a Q Exactive HF 
system coupled to an Easy-nLC 1000 (Thermo 
Fisher Scientific, Waltham, MA, USA) via 
a nanoelectrospray ion source. To identify the 
protein bands, the MS/MS data were searched 
against an expected protein sequence using the 
in-house PEAKS Studio software (version 10.5, 
Bioinformatics Solutions Inc, Waterloo, ON, 
Canada) [28].

3. Results

The aim of this study was to increase the expres-
sion of HEWL in P. pastoris. We hypothesized that 
HWEL fusion with highly expressed xylanase pro-
tein could increase the expression amount in 
P. pastoris. Experimental results indicate that 
fusion with xylanase can increase the expression 
of HEWL in P. pastoris by comparing the expres-
sion levels of HEWL expressed alone and fused 
with xylanase. The expression level of HEWL 
through high-density fermentation reached 
1.50 ± 0.07 × 105 U/mL in the supernatant, 
which is the highest level reported so far.
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3.1. Construction of expression plasmids of 
pPIC9K-Hewl and pPIC9K-XynCDBDV-Hewl in 
P. pastoris

To enhance the expression level of HEWL, the 
nucleotide sequence of the Hewl gene was opti-
mized based on P. pastoris codon usage bias. After 
optimization, the GC content of the Hewl gene was 
reduced from 57.6% to 47.6%, and the codon 
adaptation index of the original Hewl was 
improved from 0.57 to 0.91, which was more con-
ducive to the expression of recombinant protein in 
P. pastoris (Fig. S1). For XynCDBFV-Hewl, the 
gene length of XynCDBFV and Hewl was 675 bp 
and 387 bp, encoding 225 and 129 amino acids, 
with predicted molecular weights of 24.4 kDa and 
14.3 kDa, respectively. In addition, a flexible linker 
GGGGSGGGGS and the Kex2 and Ste13 cleavage 
sites (KREAEA) were designed between 
XynCDBFV and HEWL to ensure correct folding 
and separation. The schematic details of the two 
plasmids are shown in (Figure 1).

3.2. HEWL expression level and activity

The expression plasmids encoding HEWL 
(pPIC9K-Hewl) and fusion protein XynCDBFV- 

HEWL (pPIC9K-XynCDBFV-Hewl) were linear-
ized and individually transformed into P. pastoris 
GS115. Subsequently, the positive transformants 
were screened. Then, the clone with the highest 
expression level for HEWL was chosen by SDS- 
PAGE and zone of inhibition tests. The integration 
of the recombinant plasmid into the two chosen 
positive transformants was confirmed by PCR 
(Figure 2(a)). To gain further insights into the 
difference in the expression level and activity 
between HEWL and XynCDBFV-HEWL, the 
selected two strains were verified in shaking flasks. 
After the induction of methanol for 3 days, one 
weak band was detected at the expected size for 
HEWL in the supernatant of pPIC9K-Hewl trans-
formant, while two bands, XynCDBFV and HEWL 
were detected in the supernatant of pPIC9K- 
XynCDBFV- Hewl transformant, indicating that 
XynCDBFV and HEWL were expressed and sepa-
rated as expected (Figure 2(b)). Unsurprisingly, 
the apparent molecular mass of XynCDBFV was 
much larger than the predicted 24.4 kDa as shown 
in (Figure 2(b)), the expression level of HEWL in 
pPIC9K-XynCDBFV-Hewl transformant was 
much higher than in pPIC9K-Hewl transformant, 
indicating that the fusion of XynCDBFV improved 
the expression of HEWL in P. pastoris. The lytic 

Figure 1. Schematic maps of the expression plasmid pPIC9K-Hewl (a) fusion expression vector pPIC9K-XynCDBFV-Hewl (b), the 
sequence of the linker is marked in red, and the arrows mark the protease cleavage sites of Kex 2 and Ste 13.

13864 L. CUI ET AL.



activity against M. lysodeikticus of the culture 
supernatant in both transformants was also tested 
with the zone of inhibition method. The results 
showed that a much larger zone of inhibition 
was formed in pPIC9K-XynCDBFV-Hewl trans-
formant compared within pPIC9K-Hewl transfor-
mant. Moreover, a ten times dilution of the 
supernatant in pPIC9K- XynCDBFV-Hewl trans-
formant showed an almost similar size of the zone 
of inhibition as that in pPIC9K-Hewl transfor-
mant, while the supernatant in XynCDBFV trans-
formant did not show antibacterial activity 
(Figure 2(c)). Taken together, HEWL fused with 
XynCDBFV showed a higher expression level and 
activity than HEWL only.

3.3. Heterologous production of 
XynCDBFV-HEWL in large-scale fermentations

The high-density fermentation in a 15-L fermen-
ter was attempted to produce HEWL in large 
quantity. The fermentation process mainly con-
sists of three stages: glycerol batch phase, gly-
cerol fed-batch phase, and methanol feed phase 
(Figure 3(a)). The glycerol fed-batch phase 
begins when DO increases rapidly. The feed 
medium contained 50% glycerol and 12 mL/L 
PTM1 solution. The glycerol feed rate was 
18 mL/h/L for an additional 6 h until the culture 

wet weight reached 187.30 ± 1.53 g/L. During 
the fermentation process, the temperature was 
maintained at 30°C, DO was maintained at 20– 
40% by changing the rotation speed, and the pH 
was maintained at 5.0.
The yeast cells accumulated continuously dur-
ing the methanol induction phase, and the wet 
cell weight reached 363.67 ± 17.39 g/L after 
168 h of induction (Figure 3(b)). Secreted 
crude proteins also began to accumulate after 
methanol induction, increasing from 
2.18 ± 0.19 g/L at the beginning to 
13.82 ± 0.51 g/L at the end of fermentation 
(Figure 3(c)). The activity of lysozyme and 
xylanase in the fermentation broth increased 
over time, reaching 1.50 ± 0.07 × 105 U/mL 
for the final lysozyme activity and 
1.28 ± 0.01 × 105 U/mL for the final xylanase 
activity (Figure 3(d)). Using SDS-PAGE gel, the 
accumulation of XynCDBFV and HEWL was 
also observed (Figure 3e). Unexpectedly, 
a band of approximately 30 kDa was detected 
compared with the SDS-PAGE analysis results 
of the previous shaking flasks culture experi-
ment (Figure 2b and 3e), which may have 
been caused by different degrees of glycoslation 
of XynCDBFV under different culture condi-
tions. Based on the SDS-PAGE analysis and 
the concentration of crude proteins, 
13.82 ± 0.51 g/L at the end of fermentation 

Figure 2. Hen egg white lysozyme (HEWL) fused to xylanase XynCDBFV shows higher expression level and activity than HEWL only. 
(a) The integration of plasmids was identified by PCR amplification in genome of transformants. M: DNA marker; 1: GS115 control; 2: 
pPIC9K-Hewl transformant; 3: pPIC9K-XynCDBFV-Hewl transformant. (b) SDS-PAGE assay of the recombinant HEWL only and 
XynCDBFV-HEWL proteins in flask. M: protein marker; 1: HEWL only; 2: XynCDBFV-HEWL. (c) Antibacterial activity against 
M. lysodeikticus of the culture supernatant in different transformants. 1: XynCDBFV; 2: Positive control Ampicillin; 3: HEWL only; 4: 
ten times dilution of HEWL only; 5: XynCDBFV-HEWL; 6: ten times dilution of XynCDBFV-HEWL.
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(Figure 3c and 3e), approximately 3.5 g/L 
HEWL was produced after 168 h of induction. 
These results indicate that the proteins 
XynCDBFV and HEWL could be produced 
separately in large quantity using our fusion 
strategy.

3.4. Purification and identification of proteins in 
the culture supernatant

The SDS-PAGE analysis result showed three main 
bands in the fermentation culture supernatant 
(Figure 3e and 4a), with a molecular weight of 

Figure 3. Heterologous production of XynCDBFV-HEWL in large-scale fermentations.
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approximately 45 kDa (band a), 30 kDa (band b), 
and 10 kDa (band c). In contrast, there were only 
two main bands of approximately 45 kDa and 10 
kDa in the supernatant of the flask culture 
(Figure 2(b)). To analyze the protein character, 
the proteins in the fermentation supernatant were 
purified by a Superdex-75 pg column. The samples 
of the three elution peaks were analyzed by SDS- 
PAGE, and the data showed that the three proteins 
had been separated (Figure 4(a)).

The kinetics parameters results were shown in 
(Table 1). XynCDBFV-HEWL and HEWL showed 
a specific activity of 27,884 ± 192 and 
24,807 ± 175 U/mg, respectively, similar Vmax 
(49,749 ± 8353 vs. 49,100 ± 9564 mg/mL·min) and 
kcat (11,939 ± 2004 vs. 11,784 ± 2295 min−1) 
values, but different Km values (0.70 ± 0.02 vs. 
0.99 ± 0.06 mg/mL).

To determine what is represented by protein 
bands a, b, and c, the activity of the three proteins 
was measured. Both band a and b showed only 
xylanase activity, while band c showed lysozyme 

activity only (Figure 4(a)). Furthermore, the three 
bands extracted from the SDS-PAGE gel were 
analyzed by LC-MS/MS. The data demonstrate 
that bands a and b were XynCDBFV, and band 
c was HEWL (Fig. S2). The values of both bands 
a and b were larger than the expected molecular 
weight of XynCDBFV, 24.4 kDa, indicating that 
they may have been glycosylated. To verify the 
hypothesis, the culture supernatant was incubated 
with Endo H to remove the N-glycosylation, and 
then analyzed by SDS-PAGE. The data showed 
that the values of both bands a and b decreased, 
indicating that both bands had been 
N-glycosylated (Figure 4(b)). However, there 
were still three bands in the supernatant after 
removing N-glycosylation, suggesting that there 
may have been other forms of glycosylation, such 
as O-glycosylation (Figure 4(b)). These results 
indicate that both XynCDBFV and HEWL were 
released and separated efficiently in the superna-
tant, and that XynCDBFV has been glycosylated to 
different degrees.

Figure 4. Purification and identification of proteins in the culture supernatant. (a) SDS-PAGE assay of the fermentation supernatant 
and purified proteins. Lane M: molecular mass marker; Lane 1 shows the protein in the fermentation supernatant; Lane 2: band a; 
Lane 3: band b; Lane 4: band c; (b) De-glycosylation of the protein in the fermentation supernatant using Endo H. Lane M: molecular 
mass marker; Lane 1 shows the protein in the fermentation supernatant; Lane 2: the protein in the fermentation supernatant treated 
with Endo H.

Table 1. Kinetics parameters of HEWL and XynCDBFV-HEWL*.
Enzymes specific activity(U/mg) Km(mg/mL) Vmax(mg/mL·min) Kcat(1/min) Kcat/Km(mL/min·mg)

HEWL 27884 ± 192 0.70 ± 0.02 49,749 ± 8353 11,939 ± 2004 17,131 ± 801
XynCDBFV-HEWL 24807 ± 175 0.99 ± 0.06 49,100 ± 9564 11,784 ± 2295 11,903 ± 826

*Hewl: hen egg white lysozyme gene; XynCDBFV-HEWL: HEWL expressed fused with xylanase XynCDBFV 
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4. Discussion

HEWL is a potential alternative to antibiotics: 
however, it is difficult to express in microbial 
expression systems in large quantity, which greatly 
limits its application [29]. To date, heterologous 
expression of HEWL has been attempted in micro-
bial expression systems, but low expression levels 
are still a problem and an issue to be solved. For 
example, the secretory expression production of 
HEWL under the control of promoter GAP in 
P. pastoris reached 54 mg/L with a bacteriolytic 
activity of 1,680 U/mL in a 50-L fermenter [13]. In 
Aspergillus Niger, under the control of the 
Aspergillus awamori glucoamylase promoter, the 
expression level of HEWL reached 12 mg/L [12]. 
E. coli lacks the post-translational modification 
system of eukaryotes, and it is difficult to form 
the correct folded conformation, which causes the 
formation of inclusion bodies [30]. Studies have 
reported that the expression level of soluble lyso-
zyme in E. coli is only 10 ng/mL [14].

The methylotrophic yeast P. pastoris has been 
successfully employed for heterologous protein 
expression in fundamental research, biotechnology, 
and the biopharmaceutical industry because of its 
high product yields and convenient purification pro-
cess [31]. With the alcohol oxidase 1 (AOX1) pro-
moter and the α-factor signal sequence, P. pastoris 
was able to produce high levels of recombinant pro-
teins, such as insulin, chitinase, or vaccines [32–34].

Xylanase has a wide range of sources in nature, 
mainly from bacteria, fungi, actinomycetes, protozoa, 
and marine algae [35]. To date, many recombinant 
xylanases have been stably and efficiently expressed in 
P. pastoris [36]. XynCDBFV, a thermally stable and 
alkalophilic xylanase, has been identified in the rum-
inal fungus Neocallimastix patriciarum, is considered 
one of the most efficient xylanases, and has been 
recombinantly expressed with high expression levels 
in P. pastoris [37,38]. Recombinant production of the 
fusion protein XynCDBFV-somatostatin has been 
achieved in P. pastoris, and somatostatin immuno-
genicity and xylanase activity have been well 
retained [39].

In this study, bioactive HEWL was produced in 
high quantity by fusing it to xylanase XynCDBFV 
compared with HEWL only. HEWL with the assis-
tance of a fusion partner (xylanase) showed 

a markedly higher protein expression and activity, 
reaching 3.5 g/L and 1.50 × 105 U/mL, respec-
tively, which is the highest expression level of 
HEWL reported so far, indicating that xylanase 
greatly improves HEWL expression.

Protein fusion technology plays an important 
role in the efficient production and purification 
of recombinant proteins [40]. A large number of 
fusion tags, such as SUMO, maltose-binding pro-
tein, glutathione S-transferase, have been used to 
solve the problems related to the expression, sta-
bility, solubility, folding, and purification of their 
fusion partners [41–43]. To improve the low yield 
expression of HEWL, the fusion protein strategy 
was conducted to enhance the expression level of 
HEWL in P. pastoris. Considering that the recom-
binant expression of xylanase XynCDBFV reached 
a very high level in P. pastoris, even up to approxi-
mately 50 g/L in our lab, xylanase XynCDBFV was 
consequently chosen as a fuse partner for assisting 
a high HEWL expression. As shown by the SDS- 
PAGE and muramidase activity assay results, xyla-
nase XynCDBFV greatly promoted the expression 
level of HEWL in P. pastoris. In previous reports, 
fusion proteins usually improved the expression of 
recombinant proteins by helping the target protein 
to fold correctly and avoid being degraded by 
proteases [44]. However, the mechanism of how 
xylanase XynCDBFV enhances the expression level 
of HEWL is unclear, which is an interesting topic 
warranting future investigation.

Usually, specific enzyme cleavage sites, such as 
variants of tobacco etch virus protease or enteroki-
nase, are introduced between two fusion proteins to 
separate them in vitro [45]. However, these specific 
enzymes increase the production costs and make 
downstream processing procedures more cumber-
some [41–45]. Both Kex2 and Ste13 are endogenously 
expressed in yeast, and it has been reported that the 
antimicrobial peptide CGA-N12 can be successfully 
expressed in P. pastoris by designing an endogenous 
protease cleavage site between the fusion proteins 
without in vitro cleavage treatment [46]. The cleavage 
sites (KR and EAEA) of Kex2 and Ste13 were designed 
between HEWL and XynCDBFV following a flexible 
linker in the current experiment. It is supposed that 
the fusion protein is directly cleaved by the endogen-
ous proteases after translation, which allows them to 
work separately. As indicated by the results, the fusion 
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protein XynCDBFV-HEWL was cleaved efficiently by 
Kex2 and Ste13. However, a noteworthy phenomenon 
(Figure 2(b)) indicated that the level of HEWL was 
about three times lower than that of XynCDBFV in 
the supernatant, indicating that most of HEWL did 
not secret to the supernatant successfully or was 
degraded. This may be related to the mechanism of 
unfolded protein response [47,48]; With the increase 
in protein secretion, more misfolded proteins are 
degraded by proteasome [49]. Further research is 
needed to increase the level of HEWL in the 
supernatant.

Xylanase was used as a fusion protein to increase 
the HEWL expression. Moreover, xylanase is an effec-
tive feed additive in livestock feeds, which can 
improve animal growth performance and feed utiliza-
tion [50,51]. It is also well known for its pleiotropic 
effects, including reduction of chyme viscosity, facil-
itation of nutrient release, and generation of probiotic 
xylo-oligosaccharides to modulate the gut flora 
[52,53]. Furthermore, lysozyme is also an effective 
feed additive in livestock feeds [54], which can 
improve the gastrointestinal health of pigs, improve 
the metabolic status, and change the bacterial ecology 
of the gastrointestinal tract of pigs [55]. In this study, 
both lysozyme and xylanase were obtained in the 
fermentation supernatant, which can directly be 
used in livestock feeds to solve growth promotion 
and disease prevention in the breeding industry.

Conclusion

In conclusion, through fusion with xylanase, 
codon optimization, introducing endogenous pro-
tease cleavage sites between fusion proteins, 
screening of high-copy transformants, and high- 
density fermentation, the final expression level of 
HEWL reached 1.50 × 105 U/mL in P. pastoris 
GS115, which is currently the highest level. The 
fusion expression strategy has the potential to 
improve other difficult-to-express or lowly 
expressed protein productivity.
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